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Annealing of Ion-Implanted  Silicon by a Dense 
Plasma  Focus 
Abstract-The hydrogen ions generated at the open end of the EO- 
axial  electrodes of a dense plasma focus (DPF) can be used as a source 
for the  annealing of ion-implanted semiconductors. The versatility of 
the dense plasma focus bears to its short pinch duration (- 100 ns), 
high ion density (- 1019 cm-3), and high thermal energy ( -  107 K). 
Sheet resistance and I-V characteristic measurements indicate com- 
plete  regrowth of the damaged wafers after plasma annealing. 
T HE dense  plasma focus (DPF) has long been  used as a pulsed neutron  source since it was initiated  by  Mather [ 11 , 
[2] in the U.S. and by Filippov [3] in Russia as part of the 
controlled thermonuclear fusion program. In this letter, we 
first report  that  under  certain  conditions,  the  short-pulse 
high-intensity  thermal  ion  beams  can be implemented as a 
useful  tool  for annealing of ion-implanted  semiconductors. 
The DPF can generate a very high-density and high-tempera- 
ture plasma (electron density up to lo1 cm-3 and electron 
temperature  up  to  lo’ K) than  other  laboratory plasmas. The 
plasma confinement time is about 100 ns which is very close 
to the FWHM of Q-switched lasers. Current interest on laser 
annealing has the disadvantage of a small beam profile which 
requires  a scanning of the laser beam  for  obtaining  a  uniform 
annealing  area.  This inevitably  introduces  texture  structure  on 
the scanned  surface [4] . Recently developed  light-flash anneal- 
ing [SI -[7] has a large area of irradiation. However, light- 
flash annealing on account of its high gas-filling pressure: 
would exhibit microfracture on the wafer induced by shock 
waves generated in the  tube. Since the fill  pressure  of the  DPF 
is much lower than that of flash tube (at a ratio of 3-100 
torr),  the  shock wave generated  by  the plasma is largely 
diminished and, consequently, with a great improvement on 
surface morphology  and  recrystallization  effect. 
As shown in Fig. 1,  the plasma gun is a pair  of conducting 
coaxial cylinders  with  a ceramic insulator  surrounding  the 
lower  part of the  central  anode  for guiding the  electrical  break- 
down along the surface. The  assembly of the gun must be 
vacuum  tight  and  the  anode  at  the base plate is bolted  tightly 
to the cathode by 20-mil polyethylene sheets sandwiched in 
between  for  preventing relative movement  between the anode 
and cathode during discharge which could crack the ceramic 
insulator.  The  material selected for the  anode  insulator  is very 
critical for successfully obtaining  pinch  condition [8] .  The 
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Schematic  diagram  of  the  dense  plasma  focus  device. 
wafers were attached to a cylindrical rod by vacuum grease 
which was held  at  17  cm  from  the  anode-free  end. 
Within fractions of a microsecond after the spark gap is 
ignited,  corona  breakdown is initiated along the surface  of the 
dielectric  insulator in-sleeve of the inner anode. The main 
discharge current will be developed due to the corona break- 
down. The  shape  of the  current  sheaths is parabolic and 
the  magnetic  inward force is balanced by  the gas pressure 
reflecting from the surface of the cent;al eLectrode. There is 
a  strong axial force  component  due  to J X B force across the 
annulus thus resulting in a high current sheath near the sur- 
face of the  central  electrode. Plasma pinch will occur  at a few 
centimeters  above  the  plateau of the  central  anode. 
The  axisymmetric  current wave collapses converting  the 
stored magnetic energy to  plasma energy in the focus region. 
A snowplow  model  [9] can be applied  to  account  for  the  ion 
velocity and pinch time. The implosion velocity of the ions 
after pinch is estimated to be lo7 cm/s. Fig. 2 is the current 
oscillogram of the plasma gun diagnosed by,a Rogowski coil. 
The  duration of  plasma pinch is much  shorter  than  the whole 
current discharge time. The electrostatic energy stored in the 
capacitor (i.e.> 20 kV, 19 pf) is dissipitated  partly  by  the 
spark gap, partly by the resistive heating in the circuit, but 
predominantly (about 70 percent of 3 C*V2) by converting 
to  the  magnetic energy 
for generating the thermal plasma, where dL/dtlgun is the 
plasma-inductance  change  rate.  The value of Lgun is estimated 
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Fi .g. 2. Oscillograms showing the probing N2 laser pulse measured by  
a  fast  p-i-n  diode (upper curve)  and dI/dt of the  DPF diagnosed by a 
Rogowski  coil  (lower  curve).  The time base of the  horizontal  line is 
40 ns/div  giving  a  pinch  duration of about 100 ns. 
to  be  [8] 
and 
V 
Fig. 3. Interferograms of the  DPF using Mach-Zehnder method taken 
at 10 ns before  peak  plasma  pinch. 
where p o  is the  initial  density of the gas and a and b are  the 
radius of the  inner  and  outer  electrodes, respectively. 
The  interferograms of the plasma using the Mach-Zehnder 
method,   [ lo] ,  utilizing a  picosecond N2 UV laser (A0 = 
3371 a) is shown  in Fig. 3.  The  electron  density ne at  the  in- 
stant of taking the interferogram can be calculated from the 
fringe shift F(r) via (1) as given by 
where l is the plasma thickness presented by the diagnostic 
light source. The estimated ne at 10 ns before the onset of 
peak plasma pinch is 1.6 X 1 O1 '/cm3. 
To  induce  a liquid-solid  phase epitaxial  growth  from  a  thin 
amorphous Si layer, a minimum threshold irradiation energy 
for making the silicon surface  to  melt is required. If the  ions 
after plasma pinch travel only  in  the positive  half  sphere with 
intensity of triple  stronger  in  the  forward  direction'than  in  the 
perpendicular direction [ 113 , [ 121 . The irradiation energy 
striking on the wafer at a distance R from the anode can be 
approximated  by 
Since the thermal diffusion length for silicon at tempera- 
tures  near 600 K within  a pulse duration of 100 ns is 182 pm, 
which is much longer than  the  hydrogen  projected range which 
is estimated to be below 0.2 pm at 20-keV ion energy, the 
strong  thermal  diffusion process [ 111 can be applied  for solv- 
ing the threshold energy which is inverse proportional  to  the 
square root of the pulse duration. If the ion energy during 
pinch time is much higher than that at other instants of cur- 
rent discharge, the annealing effect can be assumed to be 
essentially performed during pinch  time.  To  check  the  thresh- 
old energy ELT as estimated from (4), we can solve the dif- 
(2) fusion  equation analytically by assuming the  thermal  con- 
ductivity K and specific heat are constant  during annealing. We 
find [ 111 
where TM is the  melting  temperature, K ,  and K ,  are the  ther- 
mal  conductivity  and  thermal diffusivity  of silicon, respec- 
tively,  and T~ is the pulse duration assuming a sinusoidal input 
energy. The threshold energy ELT = 0.477 J/cm2 for rP = 
100  ns is very close to  the value E ,  = 0.49  J/cm2, as estimated 
from (4) by  the  measurement of discharge current I. 
The silicon samples ([ 11 13 , 1 - 10 i?,*cm, n-type) are im- 
planted by 150-keV BF2' ions with fluences ranging from 
1014 to lo1 ions/cm2. The annealing results can be checked 
readily by a four-point probe, since sheet resistance reflects 
the impurity activation and lattice perfection. Table I shows 
that the sheet resistance of the DPF-annealed wafers depend 
greatly on  the fill pressure. At higher fill pressure ( p >  8  torr), 
the ion energy decreases due to the smallness of mean-free 
path  with  a  consequence of incomplete  annealing  effect.  The 
plasma pinch behaves most strongly near 3 torr resulting in 
complete annealing. 
The I-I/ plot as shown in Fig. 4 reveals that annealing at 
0.49 J/cm2 forms an ideal diode. With incomplete annealing 
(at high  fill  presure  or low  bank energy), the  cut-in voltage and 
the dynamic resistance of the diode both increase indicating 
the  imperfect  regrowth of the  implanted wafer. Surface mor- 
phology as checked by an optical microscope indicates that 
no slip-trace  has  been found even for high-dose implanted 
wafers with  complete DPF  annealing [13].  Except  at fill 
pressure below 3 torr,  the  surface  erosion  due  to  ion  sputter- 
ing  is catastrophic. 
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TABLE I 
SAME  SPECIFICATION  AS  GIVING IN FIG.  4  AT  VARIOUS 
SHEET  RESISTANCE O F  DPF-ANNEALED  WAFERS  WITH  THE 
GAS-FILLING  PRESSURES 
F i l l  p r e s s u r e  of 
t h e  DPF ( t o r r )   1 0  8 6 5 3 2 1  
S h e e t   r e s i s t a n c e  
(fib 1 3195  2 85  731  38   <74.  9 <50 
I r r a d i a t i o n  e n e r g y  
density ( J / c r n 2 )   0 . 3 6  0 . 3 8  0 . 4 1   0 . 4 3   0 . 4 9   0 . 5 4   0 . 6 4  
Note:  The  irradiation  energy  is  evaluated  by  first  measure  the  peak 
discharge current Io = ncV/T, where  T is the  period of current oscilla- 
tion which is 9 sec in this circuit. The plasma pinch occurs almost at 
to = T/4 for a matched circuit, so that W K  can be readily calculated 
from Eq. (1). The  irradiation  energy is inverse  proportional  to ( p o ) l / 4 .  
The DPF annealing has advantages of having a low-cost 
large-beam profile, and less microcrack damage to the wafer 
by shock wave. The drawback is that the energy released by 
the  DPF is not very  reliable, since the  pinch  condition  depends 
on  the  history of the  dielectric  insulator  and on the  impedance 
jitter of the spark gap. The plasma pinch will be stable only 
after some shots of the tube. If a proper dielectric material 
can be chosen and a high peak current thyratron can replace 
the spark gap, the result will be more repeatable. .. 
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